The role of the spleen during Plasmodium falciparum malaria in humans is unclear. In Thailand, malaria transmission is low and splenomegaly is rarer than in high transmission areas. We compared the prevalence of splenomegaly between 52 cerebral malaria patients and 191 patients without complications despite a high parasite biomass. We also measured concentrations of reactive nitrogen intermediates (RNIs) in a fraction of these cases recruited in 1998 (24 cerebral malaria and 56 controls). Splenomegaly was significantly associated with cerebral malaria (adjusted odds ratio ϭ 2.07 [95% confidence interval ϭ 1-4.2]; P ϭ 0.048). There was a linear trend for this association (P ϭ 0.0003). After adjusting for potential confounders, concentrations of RNIs were significantly lower in the presence of splenomegaly (P ϭ 0.01). These results suggest that in humans, as in animal models, the spleen may be involved in the pathogenesis of cerebral malaria. The relationship between RNI concentrations and the spleen suggest that nitric oxide may have a regulating role in the complex physiology of the spleen during malaria.
INTRODUCTION
The role of the spleen in malaria is thought to be of major importance in the destruction of parasitized erythrocytes. In animal models, before crisis occurs, there is a marked reduction in the cordal microcirculation shunting the spleen from the general circulation, which reduces splenic trapping of abnormal erythrocytes. 1 During crisis, the splenic circulation is restored, leading to a massive parasite destruction within the spleen. Blockage of cordal circulation by cellular hyperplasia resulting from immunologic stimulation and accumulation of erythroid precursors have been proposed to explain these functional changes. During crisis, the release of reticulocytes and possibly microvascular mechanisms will restore efficient splenic trapping of infected erythrocytes. The concomitant massive release of immune effectors leads to parasite destruction.
In humans, the role of the spleen is still unclear and few studies have directly addressed the problem. Studies on human splenic function in Thailand during mild Plasmodium falciparum malaria showed an increase of splenic clearance in patients with splenomegaly, 2 and suggested that clearance was even greater in severe malaria. 3 A clinical study in Zambia, comparing the prevalence of splenomegaly during cerebral malaria and mild malaria, suggested a protective role for the spleen. 4 Cerebral malaria patients with splenomegaly had a better prognosis than those without splenomegaly. 5 However, the prevalence of splenomegaly during cerebral malaria varied widely. 6, 7 These studies used different comparison groups and were conducted in areas of different transmission patterns. In Thailand, transmission is low and splenomegaly is much rarer in exposed populations. 8, 9 Therefore, comparing the prevalence of splenomegaly between cerebral malaria and non-severe malaria in this population may yield results differing from areas of high transmission.
In murine models, nitric oxide (NO), a major immune effector, has the ability to suppress the stimulation of Th1 lymphocytes, and the release of interleukin-2, tumor necrosis factor-␣, and interferon-␥, 10 which are correlated with splenomegaly. 11 It also has a vascular effect on spleen cir-culation. 12 Because NO has a very short life, we can only rely on the measurement of its metabolites, reactive nitrogen intermediates (RNIs). Our objectives in this study were to determine if there was any significant association between splenomegaly and cerebral malaria and to compare RNI concentrations between patients with and without splenomegaly.
PATIENTS, MATERIALS, AND METHODS
This retrospective study took place between 1998 and 1999 at the Hospital for Tropical Diseases in Bangkok, Thailand. Transmission of malaria in endemic areas of Thailand is seasonal with very low entomologic inoculation rates (Ͻ 1 infected bite per person per year). Fifty-two consecutive cerebral malaria patients were compared with 191 consecutive patients with a high parasite biomass and 371 controls with mild malaria. On a subgroup recruited consecutively during 1998 (24 cerebral malaria cases and 56 patients without cerebral malaria despite a high parasite biomass), we collected a 5-ml blood sample, from which serum was frozen at Ϫ40ЊC for subsequent measurements. All patients gave informed consent before blood was drawn, and the study was approved by The Ethical Committee of Mahidol University. Mixed infections and hemoglobinopathies were excluded, since they are associated with splenomegaly.
Definitions. Cerebral malaria was defined by a Glasgow Coma Score Ͻ 10. Non-severe malaria with high parasite biomass 13 was defined as a parasitemia Ͼ 5% of red blood cells or more than 200 000 parasites/l and presence of circulating schizonts on a blood smear and absence of any severity criteria.
Mild malaria was defined by presence of P. falciparum on the blood slide and less than 5% of parasitized erythrocytes or 200 000 parasites/l and absence of circulating schizonts on a blood smear.
Variables. The Hospital for Tropical Diseases conducts numerous clinical trials; therefore, patient files contain standardized information, including spleen size and the duration of the illness. Spleen size is determined by palpation on ad- mission by one of the senior physicians. Size is expressed in fingerbreadths below the rib line. We reviewed case record forms from 1998 to 1999. To avoid single observations and to have comparable spleen size categories, we grouped patients with a splenomegaly of three or more finger breaths below the rib line in one category. This did not modify the dose effect trend. We used spleen size both as a semi-quantitative variable and as a qualitative variable presence/absence. For all these patients the evolution duration of symptoms was recorded to adjust for the effect of time and thus have patients with comparable parasite growth kinetics. Patients had full clinical examination and routine biological examinations. Concentrations of RNIs were obtained using spectrophotometry and the Griess modified technique. 14 We also measured total IgE and sCD23 concentrations. Because of insufficient volume of plasma aliquots and the numerous measurements performed, the number of complete observations was lower for CD23 and IgE than for RNI measurements. The final volume of serum per aliquot, was not to our knowledge, related to the studied variables; notably, it was not related to the blood pressure on admission. Therefore, and given the level of statistical significance, we are confident it did not affect the validity of our results.
Comparison groups. It has been suggested that at a population level, the relative rarity of cerebral malaria reflects that of the most virulent strains. 15 Thus, if parasite factors are a major determinant in the pathogenesis of cerebral malaria, unidentified strain differences would confound the ability to measure the effect of host factors influencing susceptibility to cerebral malaria when the study relies upon comparing mild malaria with cerebral malaria. Comparing a majority of patients infected by a virulent strain with a minority of patients infected by a virulent strain could at times seem like comparing patients infected by different pathogens. The best control group would be patients infected by the same strain who did not develop cerebral malaria. In the absence of known stable virulence markers, and since there is a positive correlation between parasite biomass and complications, 14 we chose controls with a high parasite biomass but no severity defining criteria and adjusted for the symptoms' duration. Patients thus had parasites of comparable growth kinetics, and only differed from the clinical status reflecting presence or absence of cerebral dysfunction. Thus, after frequency matching for parasite biomass and adjusting for time we assume this would reduce the specific effect of the strain, and allow cases and controls to be submitted to comparable baseline experience in terms of the parasite determinant, therefore facilitating and unbiasing the detection of host-related factors. We also included mild malaria cases (P. falciparum infection without any severity criteria and without hyperparasitemia, nor peripheral schizonts) as a 'classical' control group. Another advantage of using the high biomass controls was that it reduced the referral hospital bias: the Hospital for Tropical Diseases is a referral hospital for severe malaria (broad definition including hyperparasitemia); therefore, both severe malaria stricto sensu and hyperparasitemia were admitted through similar channels, whereas patients with mild malaria were often admitted in this hospital for socioeconomic reasons. A study on background data showed that mild malaria often had a lower socioeconomic status had been living longer in the area were they contracted malaria and were more likely to have a history of malaria than patients with severe malaria and patients with a high parasite biomass.
Statistical methods. Qualitative variables yielded crude odds ratios. We adjusted for potential confounders using logistic regression models forcing adjustment variables in the model. The semi-quantitative staging of splenomegaly allowed us to obtain a linear trend chi-square. The RNI concentrations were compared using Student's unpaired t-test. We subsequently adjusted for potential confounders using multiple linear regression. To explain the variance of RNI concentrations in different groups we used multiple linear regression models. The best model was chosen according to its adjusted R 2 value.
RESULTS
Splenomegaly and cerebral malaria. The frequencies of splenomegaly per group are shown in Table 1 . When cerebral malaria and non-severe malaria with a high parasite biomass were compared, splenomegaly was significantly associated with cerebral malaria ( Table 2 ). Adjustments on evolution duration, age, schizontemia, and parasitemia did not alter this association (Table 2 ). There was a linear trend for this association (Table 2) . When cerebral malaria and mild controls were compared, this difference was also present. There was no correlation between symptoms duration and splenomegaly (Spearman's ϭ 0.07, P ϭ 0.13) or between Splenomegaly and RNIs. The mean Ϯ SD optic density of reactive nitrogen derivatives was higher in patients without splenomegaly (68 Ϯ 22, n ϭ 52) compared with those with splenomegaly (60 Ϯ 16, n ϭ 28; P ϭ 0.09). Adjusting for parasitemia, schizont counts, creatininemia, clinical status (cerebral malaria, controls), and evolution duration showed that RNI concentrations were significantly lower when the patient had splenomegaly (P ϭ 0.01).
Different multiple linear regression models predicting RNI concentrations among cerebral malaria cases and controls with a high parasite biomass also showed that RNI concentrations were lower in the presence of splenomegaly (Table  3) . When splenomegaly was used as a semi-quantitative variable, there was a negative correlation between RNI and splenomegaly in cerebral malaria cases (Spearman's ϭ Ϫ0.35, P ϭ 0.06) but not in controls with a high parasite biomass (Spearman's ϭ Ϫ0.1, P ϭ 0.3).
RNI and parasitemia.
There was no significant difference in RNI optical density between cerebral malaria cases and controls with high parasite biomass (71 Ϯ 20, n ϭ 24 versus 64 Ϯ 21, n ϭ 56; P ϭ 0.14). After adjustments for parasitemia, schizont counts, and creatininemia, this remained insignificant (P ϭ 0.12). There was no significant correlation between symptoms duration and RNI (Spearman's ϭ Ϫ0.13, P ϭ 0.2).
DISCUSSION
The association of splenomegaly with cerebral malaria is in contrast with the results of other studies suggesting that splenomegaly is associated with protection. 4, 5 In Thailand malaria transmission is low and infections are usually symptomatic. The prevalence of splenomegaly in patients is also low and patients may develop cerebral malaria at all ages. 8, 9 In areas of high transmission, the prevalence of splenomegaly is much higher, especially in children as they acquire specific immunity. Therefore, it is possible that the association of splenomegaly with protection was confounded by the background immunity or other causes of splenomegaly influencing the risk of developing cerebral malaria such as hemoglobinopathies or parasitic diseases. It is also possible that chronic and acute spleen stimulation have different effects on the response of the spleen. Since our study was a case records study, it is possible to conceive that patients with non-severe malaria were examined less thoroughly than patients with severe malaria; thus splenomegaly was missed in these patients. However, we do not believe this was the case because the odds ratio was similar when using controls with no severity definition criteria despite a high parasite biomass, who are always admitted into the intensive care unit for close monitoring. Therefore, the care they receive is comparable to that received by cerebral malaria cases. The association between cerebral malaria and splenomegaly could have simply reflected a greater stress on the immune system in patients with severe disease. However, it is possible to question a causal relationship between splenomegaly and cerebral malaria. During malaria in Thailand, there is a positive correlation between spleen size and function. 2 The presence of different animal models showing that presence of a functional spleen was necessary to develop cerebral malaria 16, 17 and the linear trend between splenomegaly and cerebral malaria could support a causal relationship. Other models of malaria have also shown that during crisis the opening of the blood-spleen barrier led to parasite elimination whereas splenectomized animals died of overwhelming parasite burdens. 18, 19 Therefore, the limit between a pathogenic and a beneficial function for the spleen is not clear. 20 Perhaps the timing of the blood-spleen barrier opening is of importance, with a premature opening selecting cytoadhesive clones before the immune response is fully operational.
We did not observe any significant difference between RNI concentrations in those with cerebral malaria and controls. However, RNI variations seemed related to different parameters in cases and controls with a high parasite biomass. This will be detailed in another paper. The common factor between cases and controls was the fact that RNI concentrations were significantly lower in the presence of splenomegaly. A possible explanation would be that NO release, by reducing levels of IL-2, IFN-␥, and TNF-␣, 10 reduced the immune proliferation within the spleen, thus its size. The fact that there were significant differences in the prevalence of splenomegaly, but not for RNI concentrations, between cases and controls can be reconciled with the fact that in both groups RNI concentrations were lower in patients with splenomegaly (Table 3 ), if we assume that the NO induction pathway also affected spleen size. Th1 cytokines, may have increased immune proliferation within the spleen 10 and induced NO release, whereas Th2 cytokines, through the CD23/NO pathway, 21 may have led to NO release without prior stimulation of spleen cells.
It is also possible that the vasoactive action of NO shunted the spleen from the general circulation. Thus, NO could participate in the physiology of the blood spleen barrier during malaria and avoid selection of cytoadhesive strains. However, another possibility would be that a third factor confounded the relation between splenomegaly and RNI concentrations. To answer some of these questions, we are now conducting a study with direct splenic function measurements.
